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Norwalk virus (NV) is the prototype strain of a group of noncultivatable caliciviruses that infect humans and cause
outbreaks of epidemic acute nonbacterial gastroenteritis. The NV virion is composed of 180 copies of a single structural
protein that, when expressed in insect cells infected with a recombinant baculovirus, assembles into empty recombinant
Norwalk virus-like particles (rNV VLPs) which are morphologically and antigenically similar to native NV. We have begun to
dissect the antigenic structure of the rNV particles using monoclonal antibodies made to the rNV VLPs. Ten MAbs made
to rNV particles were characterized for their reactivity as detector antibodies by ELISA, as capture antibodies in an ELISA
to detect NV in stools, by Western blot, and by immunoprecipitation. Seven of the MAbs recognize discontinuous epitopes,
requiring the rNV capsid protein to remain at least partially folded, while the other three recognize continuous epitopes.
Eight of the MAbs map to the C-terminal half of the capsid protein as they react by Western blot and by immunoprecipitation
with a 32K trypsin cleavage product of the full-length 58K capsid protein, suggesting that the C-terminal half of the capsid
protein may contain the immunodominant epitopes. The three MAbs that recognize continuous epitopes map to the extreme
C terminus of the capsid protein, between amino acids 457 and 530, in a region that is relatively conserved among different
human calicivirus capsid proteins. These MAbs which were assigned into three antigenic groups will be useful as tools to
further dissect the structural and antigenic topography of the NV virion, and as unlimited reagents to detect NV in diagnostic
assays. q 1996 Academic Press, Inc.
INTRODUCTION 7.7 kb in size. The genome organization predicted by the
nucleotide sequence was found to be similar to that of
Norwalk virus (NV) is a member of the Caliciviridae established animal caliciviruses (Carter et al., 1992a;
family of positive-strand RNA viruses and is an important Meyers et al., 1991), definitively classifying these SRSVs
cause of epidemic acute nonbacterial gastroenteritis in as human caliciviruses (Jiang et al., 1993; Cubitt et al.,
humans (reviewed in Estes and Hardy, 1995; Kapikian et 1995; Lambden et al., 1993).
al., 1996). Following the initial description of the NV by Viruses in the Caliciviridae family are unusual among
immune electron microscopy (IEM) (Kapikian et al., 1972), animal viruses in that the virion is composed of many
virus particles that are morphologically similar to NV copies of a single structural protein, which ranges in
were found associated with epidemic outbreaks of viral apparent molecular weight from 58,000–71,000 [58K–
gastroenteritis (Appleton et al., 1977; Thornhill et al., 71K] (Burroughs and Brown, 1974; Schaffer and Soergel,
1977; Caul et al., 1979; Morens et al., 1979; Wyatt et al., 1976; Bachrach and Hess, 1973; Greenberg et al., 1981;
1974; Taniguchi et al., 1979; Kogasaka et al., 1981; Oishi Madore et al., 1986; Jiang et al., 1992b; Ohlinger and
et al., 1985; Lew et al., 1994a, 1994c; Dolin et al., 1982). Thiel, 1991). While a single virion protein is a common
Despite the clear association of these small round struc- property among plant viruses, the only other known ani-
tured viruses (SRSVs) with gastroenteritis, they remained mal viruses with this feature are the nodaviruses (Hendry,
unclassified until recently, due to the inability to propa- 1991; Hosur et al., 1987). The capsid protein of NV is 530
gate these agents either in cell culture or in small animal amino acids in length and has an apparent molecular
models. Cloning and sequencing of the NV genome (Ji- weight of 58K. Expression of a cDNA that codes for the
ang et al., 1990, 1993) and another SRSV isolate (Lamb- NV capsid protein in insect cells infected with a recombi-
den et al., 1993) showed these viruses possess a single- nant baculovirus results in spontaneous assembly of the
stranded RNA genome of positive polarity, approximately 58K protein into empty recombinant Norwalk virus-like
particles (rNV) that resemble native NV morphologically
and antigenically (Jiang et al., 1992b; Green et al., 1993).1 To whom correspondence and reprint requests should be ad-
dressed. Analysis of the rNV particles by electron cryomicroscopy
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and computer image processing techniques has shown rNV by an antibody ELISA described previously (Graham
et al., 1994). Positive hybridomas were cloned by limitingthat the capsid is composed of 90 dimers of the 58K
protein that form a shell domain from which arch-like dilution and ascites fluid was prepared by injection of
hybridoma cells into pristane-primed mice. The isotypecapsomeres protrude (Prasad et al., 1994). Based on
amino acid sequence motif similarities with other T3 and subclass of each MAb were determined by Ouchter-
lony agar gel diffusion using specific anti-mouse subtypeRNA viruses, it has been predicted that N-terminal amino
acids 1 to 250 constitute the shell domain, and the re- MAbs from Cappell Laboratories (Westchester, PA). All
further characterization of MAbs were performed withmaining C-terminal residues make up the arches (Prasad
et al., 1994). ascites fluid.
The availability of the rNV particles has not only re-
Immune electron microscopy (IEM)sulted in elucidation of the three-dimensional structure
of the NV virion, but also has made possible the develop-
IEM was performed as described by Nakata et al.
ment of reagents (e.g., unlimited antigen and high titer
(1987). Briefly, 0.5 to 1.0 mg of rNV was incubated with
polyclonal antisera) that have significantly enhanced
each MAb at a final dilution of 1:1000 for 1 hr at 377. In
knowledge of the epidemiology and serologic relation-
some cases, MAbs (1:200 to 1:500) were mixed with stool
ships of NV and other human caliciviruses (Gray et al.,
suspensions from volunteers administered infectious
1993; Hyams et al., 1993; Green et al., 1993; Treanor et
Norwalk virus and processed as previously described
al., 1993). In contrast, little information is available on
(Graham et al., 1994; Kapikian et al., 1972). rNV-MAb
whether specific regions of the capsid protein are im-
complexes were centrifuged for 10 min at 23,000 rpm in a
portant for serotype specificity, and what may constitute
Hitachi centrifuge. The pellet was suspended in distilled
a type-specific versus a cross-reactive epitope. The pur-
water and immune complexes were visualized in the
pose of this study was to begin to dissect the antigenic
electron microscope by staining with 2% phosphotung-
and structural topography of the NV capsid using mono-
stic acid (pH 6.4).
clonal antibodies generated to rNV. These MAbs also will
be useful as unlimited reagents for sensitive diagnostic Detection of Norwalk virus antigen in stools
assays.
Stool samples to be tested by ELISA were processed
as described previously (Wang et al., 1994; Jiang et al.,MATERIALS AND METHODS
1992a, 1995c). A 30% suspension of stool in 0.01 M phos-
Expression and purification of rNV phate-buffered saline (PBS) was prepared and clarified
by centrifugation for 15 min at 1500 g. The supernatantThe expression and purification of rNV particles were
then was extracted once with 1,1,2-trichloro-1,1,2-trifluo-performed as previously described (Jiang et al., 1992b;
roethane (Dupont, Wilmington, DE) and stored at 47.Hardy et al., 1995). Generation of the 32K trypsin cleav-
A MAb Antigen-Capture ELISA (MACE) was developedage product of the full-length 58K rNV capsid protein has
by modification of the antigen capture ELISA that usesbeen described (Hardy et al., 1995). Briefly, rNV particles
rabbit anti-rNV polyclonal antisera as described pre-were dissociated in 10 mM Tris (pH 9.0) and then incu-
viously (Graham et al., 1994). Briefly, 96-well polyvinylbated overnight at 377 with 10 mg/ml TPCK-trypsin (Wor-
chloride microtiter plates were coated overnight at roomthington Biochemical Corporation, Freehold, NJ). Com-
temperature with 50 ml of MAb at dilutions of 1:250, 1:500,plete conversion of 58K to 32K was confirmed by SDS –
and 1:1000 in carbonate-bicarbonate buffer (pH 9.6). ThePAGE and autoradiography.
plates were blocked for 2 hr at 377 with 5% (w/v) BLOTTO
(Carnation nonfat dry milk in 0.01 M PBS) and then wereProduction of monoclonal antibodies (MAbs)
washed five times with 0.05% (v/v) Tween-20 (Sigma
Chemical Co., St. Louis, MO) in PBS. All subsequentPAI myeloma cells (Stocker et al., 1982) were kindly
provided by Dr. M. Kotari, (Tokyo Metropolitan Institute washes also were performed with 0.05% (v/v) Tween-20/
PBS. Fifty microliters of a final 5% stool suspension in aof Medical Science, Tokyo, Japan) and were cultured in
Dulbecco’s Modified Eagle’s Medium (Gibco/BRL, final 1% BLOTTO were added to each well and incubated
for 2 hr at 377. The plates were washed five times andBethesda, MD) in the presence of 15% fetal calf serum.
Production and selection of monoclonal antibodies then 50 ml of guinea pig anti-rNV polyclonal antisera
(Jiang et al., 1992b) at a final dilution of 1:5000 in 1%were performed essentially as previously described
(Kohler and Milstein, 1975) with minor modifications. BLOTTO was added and the plates were incubated for
2 hr at 377. The plates were again washed five times andBalb/c mice were primed intraperitoneally (ip) with puri-
fied rNV (5 mg/mouse) in Freund’s complete adjuvant and 50 ml of horse radish peroxidase-conjugated goat anti-
guinea pig immunoglobulin (HyClone Laboratories, Lo-were then boosted ip at 2-week intervals with rNV without
adjuvant. The culture medium of hybridomas resulting gan, UT) diluted 1:5000 in 1% BLOTTO and containing
2.5% normal mouse serum was added. The plates werefrom successful fusions was screened for reactivity with
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TABLE 1incubated for 2 hr at 377 and following a final five
washes, TMB peroxidase substrate (Kirkegaard & Perry, Monoclonal Antibodies to rNV
Gaithersburg, MD) was added and the color was al-
MAb ELISA Titerlowed to develop for 10 min at room temperature. The
reaction was stopped by addition of 1 M phosphoric
NV834 1,280,000acid and optical densities were determined at 450 nm
NV142 160,000
with a Titertek Multiskan plate reader (Flow Labora- NV101 640,000
tories, Inc., McLean, VA). NV813 10,240,000
NV3901 10,240,000
NV7411 5,120,000Western blot analyses
NV3912 10,240,000
The reactivity of the MAbs with the 58K rNV capsid NV2461 160,000
NV8812 10,240,000protein was analyzed by Western blot according to meth-
NV8301 5,120,000ods previously described (Burns et al., 1988). rNV capsid
protein (5 to 10 mg) was mixed with sample buffer con- Note. ELISA titer is expressed as the reciprocal of the dilution that
taining 1% SDS, 10% 2-mercaptoethanol, 50 mM Tris – gave an A450 of greater than or equal to 0.100 with rNV antigen captured
HCl (pH 6.8), 0.0025% phenol red, and 10% glycerol. Sam- in the well, after subtraction of background reactivity.
ples were boiled for 2 min, or not boiled where indicated,
prior to electrophoresis on SDS–10% polyacrylamide
were washed three times with native buffer. Followinggels. Each MAb was used as primary antibody at final
the final wash, pellets were suspended in sample bufferdilutions of 1:500 to 1:5000.
and boiled for 5 min. Immunoprecipitated proteins were
electrophoresed on SDS–10% polyacrylamide gels andPreparation of radiolabeled rNV particles and
visualized by fluorography.immunoprecipitations
Radiolabeled rNV particles were prepared for immuno- RESULTS
precipitation (IP) by infection of Spodoptera frugiperda
Monoclonal antibodies to rNVinsect cells with the rNV-baculovirus recombinant at a
multiplicity of infection of 10 in Hink’s medium (GibcoBRL,
Ten monoclonal antibodies (MAbs) from eight fusions
Gaithersburg, MD) supplemented with 10% fetal bovine
were produced that were positive in the rNV antibody
serum. Twenty-eight hours postinfection, the cells were
ELISA, and the ascites fluid ELISA titer of each MAb is
starved for 30 min in Grace’s methionine-free medium
shown in Table 1. All of the MAbs were isotype IgG1 and
(GibcoBRL), followed by addition of 10 mCi/ml of 35S-trans
specific for rNV based on a lack of ELISA and Western
label (ICN, Irvine, CA). Thirty-three hours postinfection,
blot reactivity with rMX particles, a different serotype of
cold methionine was added and the infection was al-
human calicivirus recently cloned and expressed in a
lowed to continue for 4 days. 35S-labeled rNV particles
recombinant baculovirus (Jiang et al., 1995a, 1995b; data
released into the medium were harvested by pelleting
not shown).
for 2 hr at 26,000 rpm in an SW28.1 rotor (Beckman),
NV was originally visualized by IEM, a technique ne-
followed by isopycnic cesium chloride gradient centrifu-
cessitated by the paucity of particles excreted in stools
gation.
of infected people. When the MAbs were tested for their
IP of 35S-labeled rNV with MAbs was performed by
reactivity by IEM, all were able to aggregate the rNV
incubating approximately 100,000 cpm of rNV with each
particles. Figure 1 shows a representative IEM, demon-
MAb at dilutions ranging from 1:10 to 1:100. The incuba-
strating the clumping of rNV particles characteristic of
tion buffer and the wash conditions were modified where
the IEM technique. Three of the MAbs (NV834, NV3912,
indicated, as the conformational state of the capsid pro-
and NV8301) also were confirmed to aggregate native
tein affected the MAb binding. IPs were performed in
NV from volunteer stool samples (data not shown). These
either 100 ml of RIPA buffer containing 150 mM NaCl, 1%
data suggest that the epitopes to which the MAbs are
Triton X-100, 10 mM Tris (pH 7.2), 0.1% SDS, 1% deoxy-
directed are exposed on the assembled virion and that
cholate, and 1% Trasylol or in native buffer (RIPA buffer
the epitope conformation on the rNV particles mimics
without SDS and deoxycholate). rNV-MAb complexes
that in the native virus.
were precipitated with Immunoprecipitin (GibcoBRL) at
07. IPs that were performed in RIPA buffer were washed MAbs to rNV are able to detect native NV in stool by
sequentially with Buffer A [(1 M NaCl, 10 mM Tris (pH a MAb-capture ELISA
7.2), and 0.1% NP-40)], Buffer B [(0.1 M NaCl, 1 mM EDTA,
10 mM Tris (pH 7.2), 0.1% NP-40, and 0.3% SDS], and To determine the utility of the MAbs for detection of
NV antigen in stool samples, a MACE was developedfinally with Buffer C [(10 mM Tris (pH 7.2) and 0.1% NP-
40]. IPs that were performed under native conditions and tested with known positive and negative stool sam-
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FIG. 1. Immune electron microscopy of rNV particles using MAbs. (A) Phosphotungstic acid stain of rNV particles (0.5 mg) incubated with MAb
NV834 at a final antibody dilution of 1:1000. (B) Same rNV particle preparation and concentration as shown in A, incubated in 0.01 M PBS alone.
ples from a previous volunteer study (Graham et al., rect EM as rotavirus positive (N  2), adenovirus positive
(N  2), or as no virus detected (N  2). None of the1994). Each MAb was able to capture NV antigen from
positive stool samples with negligible background reac- MAbs reacted with any of these samples (data not
shown). These data indicate the specificity of the reactiv-tivity (Fig. 2). To confirm the specificity of the antigen
capture assay, six stool samples obtained from Texas ity of the MAbs with NV.
Children’s Hospital (Houston, TX) were tested. These
samples had been previously characterized either by a Characterization of rNV epitopes by Western blot
commercially available enzyme immunoassay or by di-
To begin to investigate the antigenic structure of the
rNV capsid protein, each MAb was characterized for it’s
reactivity with rNV capsid protein by Western blot analy-
sis. When the 58K rNV protein was boiled in sample
buffer prior to electrophoresis, only MAbs NV3901,
NV3912, and NV2461 were able to detect a 58K product
(Fig. 3A). The other protein bands detected were break-
down products of the capsid protein that appear on stor-
age of the particle preparations at 47 (M. E. Hardy and
M. K. Estes, unpublished observation). When the protein
was not boiled prior to electrophoresis, all of the MAbs
detected higher molecular weight forms of the capsid
protein, and the predominant band detected migrated at
an apparent molecular weight of 80K (Fig. 3B).
The 58K rNV protein is cleaved specifically by trypsin
at amino acid residue 227, yielding a 32K cleavage prod-
FIG. 2. MAb-antigen capture ELISA for detection of NV in volunteer uct that contains the C-terminal half of the capsid protein
stools. NV MAbs were used as capture antibody in an ELISA testing
(Hardy et al., 1995). Each MAb was tested for reactivitya NV negative stool (547-01, filled bars) and a NV positive stool (547-
with this 32K C-terminal cleavage product by Western10, open bars) (Graham et al., 1994). Data are shown for antibody
dilutions of 1:1000. Rabbit anti-rNV pre- and postpolyclonal antisera blot, to begin to map the MAb binding sites to a specific
were used as capture antibody controls at a final dilution of 1:10,000 region of the capsid protein. Consistent with the results
in 0.01 M PBS. Six stools obtained from Texas Children’s Hospital obtained using the 58K capsid protein, only MAbs
(Houston, TX) were used as controls for detection specificity. These
NV3901, NV3912, and NV2461 detected the 32K cleavagestools had been previously characterized as rotavirus positive, adenovi-
product when the protein was boiled prior to electropho-rus positive, or as no virus detected. All of these samples had A450
readings of less than 0.1 (data not shown). resis (Fig. 3C). The remaining seven MAbs detected only
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FIG. 3. Western blot analyses of full-length rNV capsid protein and 32K trypsin cleavage product using NV MAbs at final dilutions of 1:500. (A)
58K rNV capsid protein boiled in sample buffer prior to electrophoresis or (B) not boiled prior to electrophoresis. Arrows in A and B indicate the
predominant bands of 58K (boiled) and 80K (not boiled). (C) 32K rNV protein boiled in sample buffer prior to electrophoresis or (D) not boiled prior
to electrophoresis. Arrows in C and D indicate migration of the 32K monomer.
higher molecular weight forms (63K and 90K) when the 1996). Construct CT74 contains amino acids 1–456 of the
capsid protein, and CT230 contains amino acids 1–300.protein was not boiled before electrophoresis (Fig. 3D).
In contrast to the results observed with the 58K protein, CT74- and CT230-recombinant baculovirus-infected cell ly-
sates were prepared by lysing the cells 48 hr postinfec-32K protein that had not been completely denatured by
boiling migrated with apparent molecular weights that tion in lysis buffer containing 100 mM Tris (pH 7.4), 1
mM EDTA, 10 mM MgCl2, and protease inhibitors leupep-were consistent with that expected of dimers or trimers.
NV834 and NV142 did not react with the 32K cleavage tin and pepstatin A. All of the constructs were detected
in Western blots using mouse anti-rNV polyclonal antise-product under either condition. These MAbs may be di-
rected to the N terminus of the capsid protein, but this rum (Fig. 4A). MAbs NV3901, NV3912, and NV2461 only
recognized the full-length capsid protein (Figs. 4B–4D).has not been proven conclusively. The reactivity of MAbs
NV3901, NV3912, and NV2461 with the 32K product, un- These data indicate that these MAbs react with continu-
ous epitopes located in the extreme C terminus of theder conditions where the protein was not boiled, showed
that the 32K monomeric form was present on the filter capsid protein, between amino acids 457 and 530.
membrane and was simply not reactive with the other
MAbs. The inability of seven of the MAbs to react with Characterization of rNV epitopes by
either the boiled 58K or 32K form of the protein suggested immunoprecipitation
that these must recognize discontinuous epitopes.
To further localize the epitopes on the C terminus of The MAbs next were characterized for their reactivity
by IP. Because the Western blot analyses suggested thatthe capsid protein, the three MAbs that recognize contin-
uous epitopes (NV3901, NV3912, and NV2461) were used most of the antibodies required the 58K and 32K protein
to maintain their respective conformations, radiolabeledin Western blot experiments using insect cell lysates
that had been infected with recombinant baculoviruses rNV particles were immunoprecipitated under conditions
in which the protein would remain properly folded (seeexpressing full-length or truncated forms of the 58K pro-
tein (Fig. 4). Generation of the truncated forms of the Materials and Methods). All of the MAbs, except NV142
and NV2461 reacted with the 58K protein (Fig. 5A). Al-capsid protein will be described elsewhere (White et al.,
AID VY 7763 / 6a11$$$303 02-02-96 10:22:09 vira AP: Virology
257ANTIGENIC MAPPING OF rNV CAPSID PROTEIN
NV101 were positive only on long exposures (5–7 days).
As observed with the 58K protein, IP of the 32K cleavage
product in RIPA buffer abolished the reactivity of all of
the MAbs, except NV3901 and NV3912 (data not shown).
The weaker reactivity of the MAbs when IPs were per-
formed in RIPA buffer in the presence of SDS suggests
that the affinity of the MAbs for the protein (both 58K and
32K) is weak, or the conformation is disrupted to the
extent that the binding of the MAbs to the protein is
drastically reduced.
DISCUSSION
Expression of the Norwalk virus capsid protein in the
baculovirus expression system made possible the pro-
duction of high titer hyperimmune sera that has been
invaluable in defining the prevalence of Norwalk and
FIG. 4. Western blot analysis of deletion mutants of the rNV capsid Norwalk-like virus infections (Sharp et al., 1995; Herwaldt
protein expressed in recombinant baculoviruses. Each panel is a single et al., 1994; Gabbay et al., 1994; Parker et al., 1994; Lew
filter membrane reacted with a different antibody. The lanes in each et al., 1994c; Numata et al., 1994; Monroe et al., 1993;
panel, from left to right, contained protein produced from recombinant
Green et al., 1993; Gray et al., 1993). There are at presentbaculoviruses which express the full-length capsid protein (FL), dele-
four recognized serotypes of human caliciviruses (for-tion mutant CT74 (aa 1 to 456), and CT230 (aa 1 to 300). Details of
the generation and characterization of the baculovirus recombinants merly called small round-structured viruses) infecting hu-
expressing the deletion constructs will be described elsewhere (White mans as determined by IEM, SPIEM, and or cross-chal-
et al., 1996). The antibody in A was mouse anti-rNV polyclonal antise- lenge studies in volunteers (Lewis, 1991, 1990; Lewis et
rum; in B, MAb NV3901; in C, MAb NV3912; and in D, MAb NV2461.
al., 1988; Madore et al., 1990). These four serotypes arePositive reactions were detected by chemiluminescence using ECL
represented by the Norwalk, Hawaii, Snow Mountain,(Amersham, Buckinghamshire, England).
though these two MAbs had the lowest antibody titers
as determined by ELISA, dilutions as low as 1:10 failed
to detect a product. As anticipated, when the IPs were
performed under denaturing conditions, i.e., RIPA buffer
with sequential SDS-containing salt washes, the positive
reactivity of NV834, NV101, and NV813 observed in the
previous experiment was abolished completely, and the
remaining MAbs positive under native conditions only
were positive on excessively long exposures (data not
shown). The only exception was NV8301, which re-
mained strongly positive under both conditions. These
data confirm that the MAbs recognize discontinuous epi-
topes and require the capsid protein to remain at least
partially folded.
By Western blot analyses, all of the MAbs except
NV834 and NV142 reacted with either the monomeric or
oligomeric 32K trypsin cleavage product when the pro-
tein was not boiled prior to electrophoresis. To further
confirm that most of the MAbs recognize the C terminus
of the capsid protein, IPs were performed with the 32K
C-terminal cleavage product under the same native con-
ditions used for IP of the full-length 58K protein. MAbs
NV3901 and NV3912, which reacted with fully denatured
FIG. 5. Immunoprecipitation of 58K (A) and 32K (B) rNV capsid pro-32K protein by Western blot (Figs. 3C and 3D) showed
tein. Both IPs were performed in native buffer with three successive
the strongest reactivity with 32K by IP (Fig. 5B). NV2461, washes also in native buffer (RIPA buffer without SDS or deoxycho-
NV7411, NV8812, and NV8301 also were positive, but late—see Materials and Methods). A monoclonal antibody to rotavirus
outer capsid protein VP7 was used as a negative control.showed much weaker reactions. MAbs NV813 and
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TABLE 2
Summary of rNV MAb Characterization by IPa and Western Blot
IP Western blot
58K 58K 32K 32K
MAb 58K 32K (Boiled) (Not boiled) (Boiled) (Not boiled)
Discontinuous group I
NV834 / 0 0 / 0 0
NV142 0 0 0 / 0 0
NV101 / 0 0 / 0 /
NV813 / 0 0 / 0 /
Continuous group II
NV3901 / / / / / /
NV3912 / / / / / /
NV2461 0 / / / / /
Discontinuous group III
NV7411 / / 0 / 0 /
NV8812 / / 0 / 0 /
NV8301 / / 0 / 0 /
a IP results are from experiments performed under native conditions.
and Taunton viruses. The MAbs to rNV described in this nize the C-terminal trypsin cleavage product and may be
directed to epitopes in the N-terminal half of the capsidstudy will be useful as unlimited reagents in diagnostic
assays to detect NV antigen in stools by a MACE. One protein that is predicted to comprise the shell domain
(Prasad et al., 1994; Neill, 1992). Ultimately, group I MAbslimitation of the previously described antigen ELISA that
uses a rabbit polyclonal antisera made to rNV is that the may be divided into two separate groups recognizing
distinct epitopes if assignment of NV834 and NV142 toassay is very type-specific and does not readily detect
viruses that are antigenically distinct from the prototype the N terminus becomes conclusive. The MAbs in group
II recognize continuous epitopes as they react with theNV (Graham et al., 1994; Jiang et al., 1995c). This limita-
tion apparently persists with the MACE, at least with rNV capsid protein that has been completely denatured
and migrates at the appropriate apparent molecularrespect to the rMX particles tested. However, as recombi-
nant particles from other HuCVs become available, MAbs weight. group II MAb NV2461 and group I MAb NV142
were unable to IP the 58K protein. The affinity of thesegenerated to each of the different capsid proteins may
prove useful in standardizing a typing assay to detect MAbs may be weak, an idea supported by the observa-
tion that although they were able to IP the 32K protein,HuCV of any antigenic type in stools from outbreaks of
gastroenteritis. the reactivity in this experiment also was weak. group III
MAbs also recognize discontinuous epitopes in the CMost of the rNV-MAbs react in Western blots with a
higher molecular weight form (80K) of the full-length terminus, but show a different pattern of reactivity by IP
than the group I MAbs.capsid protein that is only present when the protein is
not boiled prior to electrophoresis. These data suggest One of the difficulties in studying the NV is that there
are very few virus particles that are detectable in thethat the MAbs recognize epitopes that are discontinuous
and require the capsid protein to be properly folded. The stools of infected individuals. It is estimated that at least
50% of virus antigen excreted in stools is soluble proteincomposition of the 80K protein is unclear, as the apparent
molecular weight is less than that of a dimer. This aber- (Greenberg et al., 1981; Graham et al., 1994; Madore et
al., 1986; Treanor et al., 1988). This soluble protein wasrant migration is likely a result of incomplete denaturation
of the protein in the absence of boiling. originally identified by immunoprecipitation using conva-
lescent antisera from infected volunteers and had anThe results of the characterization of the MAbs by IP
and by Western blot are summarized in Table 2. From apparent molecular weight of approximately 30K
(Greenberg et al., 1981). We recently have shown thatthese experiments, the MAbs can be divided into three
groups, recognizing at least three and possibly four dif- this 30K soluble protein is a trypsin-specific cleavage
product of the NV capsid protein and it represents the Cferent epitopes on the rNV capsid protein. The four MAbs
in group I recognize discontinuous epitopes on the rNV terminus of the capsid protein from amino acid 228 to
530 (Hardy et al., 1995). In addition, this specific cleavagecapsid protein, as they only react in Western blots with
rNV protein that has not been completely denatured by is dependent on the capsid protein being in soluble form,
i.e., not assembled into virus particles. All but two of theboiling. Two of these, NV834 and NV142, do not recog-
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MAbs reacted with the 32K trypsin cleavage product of will provide insight into how the single structural protein
folds into an assembled particle. The MAbs in the otherthe rNV capsid protein, locating the epitopes to which
they are directed to the C-terminal half of the capsid two groups were not tested with the deletion constructs
in denaturing gels because of the conformation depen-protein. The basis of lack of reactivity of the group I
MAbs to the cleavage product by IP even under native dence of the antibody-epitope reactivity. We did test the
reactivity of the MAbs in groups I and III by Westernconditions is unclear, as these MAbs were able to detect
the oligomeric form of 32K in the Western blots. It is blot using the deletion constructs CT74 and CT230 without
boiling the cell lysate prior to electrophoresis. All of thepossible that the site(s) recognized by these MAbs are
buried in the 32K protein, and are only exposed when MAbs were negative by this assay (data not shown).
This result was not surprising because the constructsthe protein is partially denatured in SDS. However, the
group I MAbs were able to aggregate rNV particles as expressing truncated capsid protein did not form the
higher molecular weight oligomeric forms that were ob-well as native NV by IEM, suggesting that the region
of the capsid protein that is the 32K cleavage product served when the full-length protein was not boiled. These
data further confirm the conformation dependence of theassumes a slightly different conformation that exposes
the epitopes in the assembled virion. epitopes recognized by the group I and III MAbs, and
suggest additional deletion constructs which permit par-The capsid protein sequence of several HuCVs is now
available (Lew et al., 1994c, 1994a, 1994b; Wang et al., ticle assembly or oligomer formation will be required to
map the discontinuous MAbs.1994; Lambden et al., 1993; Green et al., 1994, 1995;
Dingle et al., 1995). Amino acid sequence comparisons The 32K trypsin cleavage product not only contains
the less conserved region 3 of the capsid protein, butshow two regions that are conserved and a region that
is variable between strains (Lew et al., 1994b; Estes and also the entire variable domain (region 2). At least eight
of the MAbs react with this C-terminal cleavage product.Hardy, 1995). Region 1 (aa 1 to 280, NV numbering) is
well conserved among different strains and is the region If the epitopes in the C terminus are the immunodominant
ones in vivo and are the epitopes to which the predomi-predicted to form the shell domain of the capsid protein.
Region 2 (aa 281 to 404) is the region of greatest se- nant antibodies are directed, then the large amount of
soluble protein present during NV infections may inter-quence variability and corresponds essentially to vari-
able domains C and E described for animal caliciviruses fere with virus-neutralizing antibody, offering an explana-
tion in part of why people with preexisting antibody to(Neill, 1992). Region 3 (aa 405 to 530) also is relatively
conserved, but less so than region 1. Regions 2 and 3 Norwalk virus still get infected and become ill. Still it
remains unknown whether these MAbs are neutralizingare those predicted to form the protruding arches in the
assembled rNV particles. The observation that all of the in the absence of a cell culture system for NV. However,
binding of the MAbs to the C terminus can be exploitedMAbs react with the 32K trypsin cleavage product sug-
gests that these MAbs would bind to the arches in the to confirm the assignment of the C-terminal residues of
the capsid protein to the protruding arches in the assem-assembled virion if the epitopes remain exposed. It is
likely that all the epitopes defined by the MAbs are ex- bled rNV particle by electron cryomicroscopy of Fab-par-
ticle complexes. Location of antigenic epitopes in theposed on virus particles because all the MAbs are able
to aggregate particles by IEM. capsid protein of rNV is important to the development of
the rNV particles as a potential delivery vehicle for for-MAbs to the feline calicivirus (FCV) have been mapped
by reactivity with deletion mutants of the capsid protein eign antigens. If regions containing the immunodominant
epitopes are not necessary for particle assembly, then(Milton et al., 1992; Carter et al., 1992b). Two MAbs that
neutralize FCV infectivity map to the variable domain of they can be replaced with foreign epitopes to induce a
heterologous immune response. We recently havethe capsid protein between aa 421 and 530, which would
correspond to a portion of the variable domain (region shown that the rNV particles are immunogenic when de-
livered orally to mice and to humans (Ball et al., 1995)2) of NV. One MAb that was nonneutralizing was mapped
to the extreme C terminus of the FCV capsid protein, and thus the potential of the rNV particles to function as
an antigen delivery system is promising.in a region that is more conserved among strains and
corresponds to region 3 for the HuCVs. The group II
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